The relationship between the formulation factors of microcapsule, particle size and wall thickness, and the residual contact efficacy against German cockroaches was studied using several kinds of polyurethane-walled microcapsules. All kinds of microcapsules were trampled by the contact with cockroaches, although the degrees of the trampling were different. Moreover the residual efficacy depended on the mass median diameter and the wall thickness. The D/T ratio (the ratio of mass median diameter (D) to wall thickness (T)) was proposed as a parameter of the strength of microcapsule; the higher the D/T ratio, the more the trampled microcapsule.
INTRODUCTION
Our previous report proposed a novel mechanism of action against cockroaches using a fenitrothion microcapsule with polyurethane wall. S' The effect was determined to be caused by the trampling of cockroaches on microcapsules, by which the capsules were destroyed, releasing fenitrothion outside to kill. This was named the "trampling effect. " It was found that the strength of microcapsule was an important factor to control the residual efficacy of microcapsule having this type of action mechanism against cockroaches. In this paper, the relationship between the formulation factors, such as particle size and wall thickness, and the residual efficacy of polyurethane-walled fenitrothion microcapsule against cockroaches is reported, and a novel parameter that determined the residual efficacy is proposed.
MATERIALS AND METHODS

Microencapsulation Procedure
The microcapsules in this study were prepared by interfacial polymerization using polyurethane as a wall material. 9) The core material was fenitrothion (Sumithion®, Sumitomo Chemical Co., Ltd. ); 20% in the final microcapsule slurry. The mass median diameter of each microcapsule was controlled by changing the mixing conditions when the mixture of fenitrothion and the monomer to make the capsule wall was dispersed in water.
The wall thickness was controlled by changing the amount of the monomer. The actual mass median diameters of microcapsules were measured by using Coulter Counter Model TA-II (COULTER ELECTRONICS INC.) and the wall thickness was approximated using the following equation. 10)
Wall thickness (T)=(Ww/Wc) (pc/pw) (D/6) Ww : weight of wall material Wc : weight of core material pw density of wall material pc :
density of core material D:
mass median diameter
The mass median diameters and the calculated wall thickness of prepared microcapsules are shown in Table 1. 2. Residual Efficacy Test against German Cockroaches The microcapsule concentrates were diluted to 1 % as fenitrothion with deionized water and 1. 125 ml of the dilution was sprayed from 30 cm high onto a plywood pannel (15 cm x 15 cm; dosage 500 mg of fenitrothion/m2) at a pressure of 0. 5 kg/cm2 (Gauge). After the treated plywood pannels were dried for 24 hr at 25C, ten German cockroaches (Blattella germanica) were confined to contact with the microcapsule-treated plywood pannel for 2 hr. The cockroaches were then transferred into a plastic cup with water and diet, and their mortality was observed after 72 hr. The plywood pannels were examined for the residual efficacy in the same manner as described above after storing for a prescribed period at 25C.
Trampling Effect Determination
The amount of the microcapsule trampled by German cockroaches was determined by the same method described in our previous paper8) using microcapsule-treated petri dishes. The amount of fenitrothion adhered on the bodies of the cockroaches was also measured by the same method described in our previous paper8) using both microcapsule-treated petri dishes and plywood pannels.
RESULTS
1. Residual Efficacy of Fenitrothion Microcapsules As shown in Fig. 1 , the thicker the wall, the longer the duration of activity when the mass median diameter remained constant. When the wall thickness stayed constant, the smaller the mass median diameter, the longer the duration of activity, as shown in Fig. 2 . The result showed that the mass median diameter and the wall thickness of microcapsule were closely related to the residual efficacy of the microcapsule against German cockroaches.
Strength of Microcapsule
The trampling effect of all the microcapsules used in this study was examined. The effect differed among the 5 samples (Table 2) . When the wall thickness was constant, the smaller the mass median diameter, the smaller the amount of trampled microcapsules. On the contrary, when the mass median diameter was constant, the thinner the wall, the larger the amount of trampled microcapsule. That is to say, the smaller the mass median diameter, the stronger the microcapsule, and the thinner the wall, the weaker the microcapsule.
The Amount of Fenitrothion Adhered to
Cockroaches From the test using a petri dish which has a non-absorbing surface, the larger the amount of trampled microcapsule, the larger the amount of fenitrothion adhered on cockroaches, as shown in Table 2 . The amount of fenitrothion adhered to cockroaches which Table 3 .
DISCUSSION
The results of trampling effect suggest that the strength of microcapsule is controlled by the mutual action of the mass median diameter and the wall thickness. In order to discuss the mutual action, the ratio of mass median diameter (D) to wall thickness (T), DST ratio, is proposed as a parameter of the strength of microcapsule.
As shown in Fig. 3 , the plot of the D/T ratio vs. the percentage of trampled micro- a) Amount of fenitrothion picked up by a German cockroach (jig/insect). b) Mass median diameter/wall thickness. Table 3 Pick-up of fenitrothion microcapsules by German cockroaches on a plywood pannel after 2 hr. a ) Amount of fenitrothion picked up by a German cockroach (µg/insect). b) Mass median diameter/wall thickness.
capsule gives a straight line. The result confirms that the D/T ratio is a suitable parameter which determines the strength of microcapsule; the lower the ratio, the stronger the microcapsule.
In case of a microcapsule having trampling effect, the D/T ratio is thought to be an important factor to determine the efficacy. The results of the residual efficacy test well support the above argument. That is to say, microcapsules with relatively higher D/T ratios, which are easy to be trampled, do not show long residual activity, because too many microcapsules are destroyed at once if the ratio is too high.
Even in case of a microcapsule with the lowest D/T ratio, the amount of fenitrothion adhered to cockroaches (12, ug per insect) on a plywood pannel is enough to kill as long as the LD5o value of fenitrothion to German cockroaches stays around 0. 2 jig per insect. This is considered to be the reason that there was no difference in initial efficacy among 5 microcapsules used in this study. If the D/T ratio of a microcapsule is far lower than that of MC-4 (D/T ratio; 138), its initial efficacy would be relatively lower.
The surface of the microcapsule-treated plywood pannel was closely observed using a scanning electron microscope as shown in Figs. 4 and 5. MC-3 (D/T ratio; 175) was not destroyed before cockroaches crawled on the surface. However, MC-1 which had a relatively higher DST ratio (686) was observed to be broken when sprayed on the plywood pannel (Fig. 5) . Those broken microcapsules are no longer effective against cockroaches, because fenitrothion is considered to be absorbed into the plywood pannel. Consequently, the amount of fenitrothion adhered to cockroaches on a plywood pannel decreased when the D/T ratio was too high. This is considered to be the reason why the order of the amounts of f enitrothion adhered to cockroaches was different between the cases of petri dish and plywood pannel.
It is concluded that there is a certain DST ratio to optimize the initial and residual efficacy, and that is around 150. When the target insect changes, however, the optimum DST ratio will change, depending on the weight of the insect and its behavior. And when the wall material changes, the optimal DST ratio will also change.
